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SU*IARY

The resistive—hose Instability Is one of the most Important Instabilities of
intense relativistic electron beams in the collision-dom inated background plasma.
This report examines the resistive-hose stability properties for a self-pinched
relativistic electron beam. Wi thout going through a lengthy mathematical den-
vation previously known results are recovered in a simple instructive way.

This work was supported by the Independent Research Fund at the Naval Surface
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In recent years, there has been a considerable Increase in Interest In the

equil ibrium1 ’2 and stability properties of intense relativistic electron beams.

This Interest Is the result of several diverse research programs, Including

(a) research on collective-effect accelerators3, (b) research on hiQh-power

microwave generation4, and (c) studies of electron beam propagation through a

neutral gas or background plasma57 . Perhaps one of the most Important in-

stabilities of intense relativistic electron beams in the collision-domi nated

1. Bennett-, W.H., “Magnetica lly Self-Focusing Streams ,” Phys.
Rev. 45 , 1934, p. 890.

2. Dav idson , R.C . and Uhm , H.S., “Thermal Equilibrium Properties
of an Intense Relativistic Electron Beam ,’~ Phys. Fluids , In
p ress , 1919.

3. Destler , W .W. , Uhm , H.S., Kim, H., and Relser , M.P., “Study
of Co ll ec ti ve Ion Accelera ti on i n Ya cuum,” .J. APPI. 

~~~~~~~~~~~ 
in

p ress , 1979.

4. Uhm . H.S., an d Davidson , R.C ., “Cyclotron Maser Instability
for Intense Solid Electron Beams -, ” J .  ~~~~ 

Phys. 50. 1979.
p. 696.

5 Rosenbiuth , M.N. , “Long-Wavelength Beam Instabilit y , ” Phys.
Fluids 3 1960, p. 932.

6. Lee , E.P., “Resistive Hose Instability of a Beam with the
Bennett Profile, ” Phy s. Fluids 21, 1978, p. 1327.

7. Lauer , E.J., Bniggs , R.J ., Fessen den , T .J.~ Hester , R.E ., and
Lee -, E .P ., “Measurements of Hose Instability of a Relative
Elec tron Beam ,” Phys. Fluids 21, 1978, p. 1344.

3
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background plasma is the resistive hose instability
5’6. Al though the theoret-

ical investigation of the resistive hose instability can be found in the

previous studies5’6, it is still difficult to understand the physical mecha-

nism of this Instability in a straightforward manner. In this regard, this

paper develops a simple sketchy description 0f the resistive hose instability

wi thin the rigid beam r~ del.

As illustrated in Fig. 1 , the equilibrium con’iguration consists of in-

tense relativIstic electron beam with equilibrium axial current density

J°b(r) in a dense background plasma. The beam electrons propagate along the

i-direction wi th axial velocity Bbc ~~ 
where e7 is a unit vector along the

z-directlon and c is the speed of light in vacuo. As shown in Fig. 1 , we in-

troduce a cylindrical polar coordinate system (r,O z). The total beam

current ‘b can be expressed as

2nf drr J~(r)’ (1)

Moreover , the 0-component of the Maxwell equation for the equilibrium azi-

muthal magnetic field

B~(r) - ~1~A0(r) (2)

is also obtained from

~~~~~~~~~~~~~~ A0(r) - .~~! j~(r), (j ;
)

where A0(r) is the z-comnonent of the equilibri um vector potential . Defining

2,rvbm t
B~cq

4
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which reoresents the beam mass per unit  axial length, it is straightforward
to show from Eq. (1) that

(4)

where q and 
~b
m are the charge and relativistic mass, respectively, of beam

electrons -

In the stability analysis , a normal-mode aporoach is adopted in which Ril

perturbations are assumed to vary with time (t) and spatial coordInates (r,e,z) :

accordino to

6*(x,t) 4,(r)exp(i(0+kZ -

Here, w is the comd ex eiqenfreouency and k Is the axial wavenumber. The

perturbed olasma current dens4ty J0(r) can be calculated from

J (r) aE (r) i!~E. A~(r) (5)
p z c~

where o(r) Is the olasma conductivi ty, and E
~
(r) and A

~
(r) are the z-convo-

nents of the perturbed electric field and vector potential ,respectively. The

equation of motion for a plasma fluid element is given by
2 . -.

~ = ~ (6J~ ~~ x 80 
~~~~~~~ 

(6)

where 6J~ J~ exp ti(o + kz - wt)l , p(r) is the plasma mass density , and

Is a unit vector alono the 0-direction. In the Cartesian coordinates,

Eq. (6) can be expressed as

2 3Ad . 1 o0 2 p
~~~ 

p~~R

for the x-component of the equation of motion . Since the eauillbrium mean

_ _ _ _ _ _ _ _  
-~~~. - - -.--- --
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velocity of plasma fluid element is zero, it is obvious that
2 2

x aL (p X )  (R)• dt2 ~ dt2 
-

• Defining X~ as a plasma mass per unit axial length, we have

J dspx~ ~ A~ ~~~~ 
(9)

where ds drrd0 and

exo Ci (kz — wt)J (10)

Is the x coordinate of the center of.mass for the plasma column. Since the

beam-plasma system Is comoletely isolated from the outside world, we have the

relation
42 42

A _2~~.,
_ A

b
_
2 *b, (11)

~ dt “ dt
where

exp i(kz wt)l (12)

is the x coordinate of the center of mass for the electron beam. Substituting

Eq. (5) into Eq. (7), and making use of Eqs. (4), (8), (9) and (11), we obtain

Xb = YbrnI bJ ~~ ~~~~ 

(13)

where

(14)

Is the Doppler - shifted elgenfrequency. In obtaining Eq. (14), use has been

made of dz/dt a 8bC for the electron beam. Equation (13) is identical to the

result obtained by Lee6. Equation (13) is one of the main results of this

paper and can be used to investigate stability properties for a broad range of

system parameters.

7 
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For low frequency perturbation satisfying

(15)
<<1,

a closed expression of the dIspersion relation is obtained from Eq. (13). In

Eq. (15), Rb Is the effective beam radius. As illustrated In FIg. 2, we assume

that the electron beam Is displaced along the x-directlon with the dIsplaced

segment *b Assuming that the displaced segment 
~b ~ 

infini tismally small ,

we can express the displaced current density Jb(r) as

Jb(r) a J
~
(((x_

b)
2 + y2i1”2~ 

- J~(r) ...
[
~~~

) ~~ 
(16)

from Fig. 2. Therefore, the perturbed current density of the electron beam Is

given by 
~
. 

~ ~ 
dA y~

bz ~i b d~ 1~~~1r 
-
~

jj , (17)

where use has been made of Eq. (3).

In lowest order consistent wi th Eq. (15), the i-component of the perturbed

vector potential A
~
(r) is calculated from

~JF[~~~ 
ar~{’~zJ I - 

7 ~bz

A d f l d (r ~~’o1]- ~~~~~~~~~~~~~ nrj j ( 1R)

thereby giving the solution 
dA

A
~
(r) a _

(,a}
;b~ (19)

which Is a typical examole of a rigid displacement pf an electron beam5. Sub-

$
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stituting Eq. (19) into (a. (13) gIves the disnersion relation of the resistive

hose Instability

_
~
2 • iw~,4 (20)

where the product of the magnetic decay time and the effective betatron

frequency-squared ~ is defined by

2 ~lBb
W (

~ ~ dA 2 (21 )
T • d air, 0
BWB 

~b
mIb 

rr 
C d’F

Equation (20) has been first derived by Rosenbluth5. Instability is clearly

indicated by the low-frequency dispersion relation In Eq. (20). For example,

if w is positive and real , then Eq. (20) gives the unstable and damped pair
of roots,

11/w8 ±(wr8)
1
~
2
~(i-l)/2

1
~
’2j. (22)

Mditional stability properties associated with Eq.(20) are discussed in Ref. 6.

Finally, we conclude this paper by comparing this beam-plasma system wi th

a monkey on a banana tree. As shown In FIg.3 ,the monkey, banana, and banana
tree correspond to the beam electrons, the axial kinetic energy of the beam

and backg round plasma , respectively, In the beam-plasma system. However, by

slowly consumin g the bananas, the monkey gains the energy and shakes the tree.

The bending stiffness of the banana tree corresponds to the resistivity of

background plasma (1/a). We therefore conclude that the energy source of the

resistive hose instability is the axial kinetic energy of the beam.
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discussions wi th Dr. D.L. Love. This work was su~ported by the Independent

Research Fund at the Naval Surface Weapons Center.
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BANANA
(KINETIC
ENERGY
OF BEAM )

MONK EY
(BEAM
ELECTRON)

BANANA TREE (BACKGROUND PLASMA)
FIGURE 3 BANANA TREE WITH MONKEY IN ANALOGY OF A BEAM-PLASMA SYSTEM
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